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INTRODUCTION

There has been much discussion of the inevi-
table end of the internal combustion engine, how-
ever, this situation is not represented by the num-
ber of scientific papers. In the early 21st century, 
the sciencedirect.com database provided every 
year a few hundred research articles searched by 
the keyword of “internal combustion engines”. In 
2019 and 2020, there were already approx. 4000 
publications per year, while in 2021 over 5100 
research papers on internal combustion engines 
were made available. It is noteworthy that these 
figures refer to more than 2200 articles about hy-
drogen, published just in 2021 and collected just 
in this particular database. The use of hydrogen 
as an alternative fuel in internal combustion en-
gines was often studied in the early 21st century 
[1-4]. Enthusiasm waned a little bit after several 
years of intensive funding for hydrogen projects, 
and car manufacturers focused attention on hybrid 

solutions but interest in hydrogen and its use as a 
fuel in internal combustion engines have recently 
returned [5-8]. The growing problem of global 
warming and the need to reduce emissions from 
motor vehicles in any known way are not without 
significance now [9]. Infrastructure has also been 
improved, and drivers have looked more favorably 
on an alternative fuel as hydrogen. Users have 
become more aware of both ecology and safety 
of hydrogen installations. However, universal 
solutions to be launched onto the market, which 
has become slightly diversified thanks to hybrid 
drives, still require a lot of research and analysis.

A fuel to power a compression-ignition en-
gine should ensure the entire fuel supply system 
to function correctly, especially precise elements 
of high-pressure equipment. A composition of a 
fuel-air mixture should ensure correct and ef-
ficient combustion and make the production of 
harmful components in a combustion process as 
little as possible and not be risky to the natural 
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environment. Particulate emissions are especial-
ly fundamental in compression-ignition engines 
[10, 11]. The reduction of particulate matter 
emission can be achieved by a dual-fuel supply 
of a compression-ignition engine [12, 13]. How-
ever, the use of hydrogen in diesel engines could 
require some modifications on the engine calibra-
tion. Among the different phenomena involved 
in diesel combustion, autoignition significantly 
affects the engine efficiency. This work analyzes 
the autoignition behavior of diesel and biodiesel 
fuels under a H2-rich ambient. Two different liq-
uid fuel replacements (10% and 20% by energy. 
However, the use of an additional fuel requires 
simulation studies [14-16] related to the distribu-
tion of this fuel in the combustion chamber and 
correct mixture formation.

The studies [17] and [18] are especially inter-
esting because they focus on the impact of cylin-
der pressure on fuel distribution during injection. 
The correct course of fuel spraying in a combus-
tion chamber is extremely important for an en-
gine to achieve optimal operating parameters and 
minimize emissions of toxic substances. Injection 
equipment plays a significant role in the forma-
tion of a fuel-air mixture and affects the intensity 
of fuel outflow from spray holes, the range of the 
front of a fuel spray and the way fuel droplets are 
distributed in a combustion chamber [19]which is 
a crucial aspect for the correct operation of mod-
ern DI Diesel engines as it greatly influences the 
combustion process and the exhaust emissions. A 
complete understanding of spray impingement is 
quite complex. A mixed numerical-experimental 
approach is proposed in this paper. The experi-
mental tests are carried out with a high pressure 
(up to 120 MPa. Recording images inside a cylin-
der of an internal combustion engine can be diffi-
cult mainly due to high temperature and pressure, 
limited access to a cylinder and a very dynamic 
nature of recorded phenomena [20]. However, op-
tical techniques are becoming increasingly popu-
lar, as evidenced by research using fixed-volume 
chambers in universities and R&D centers in Chi-
na [21], Spain [22, 23], or by simulation studies 
conducted in research centers in Korea and the 
USA [24], and Germany and Slovenia [25].

The main factors behind an optimal operation 
of a compression-ignition engine are: a course of 
fuel injection, a quality of fuel spraying and mix-
ing fuel droplets with air in a combustion cham-
ber [26]. Fuel injection and spraying are the main 
factors that determine quality of a combustion 

process [27]. The injection process is responsible 
for a correct supply of fuel to a combustion cham-
ber where spraying occurs, i.e.  migration of fuel 
that leads to breaking liquid into droplets. Spray-
ing forms a stream similar to a conical section of 
a sphere with drops of different size and speed. 
The main parameters of such a stream are as fol-
lows: an angle of spray, a range and distribution 
of liquid, diameters of droplets and their distribu-
tion [28]. The first two are factors behind the na-
ture of spray, but size of droplets that determines 
a rate of evaporation of fuel cannot be ignored 
even in analyses. A popular method for evaluat-
ing the spraying process is currently an optical 
test that enables us to directly observe a fixed 
volume in an engine or chamber, which results 
in improved operating parameters and ecological 
internal combustion engines [20, 29–31]. 

The dynamics of fuel injection and the ef-
ficiency of a fuel system significantly affect the 
level of exhaust emissions, fuel consumption, 
ease of starting an engine, its flexibility and noise 
emission. For constant engine operating condi-
tions defined by load and rotational speed of a 
crankshaft if fuel injection pressure and the share 
of recirculated exhaust gases are simultaneously 
increased smoke emissions can be reduced and 
nitrogen oxide emissions remain constant. An 
injection of a pilot dose can reduce noise, espe-
cially at idle or low loads and crankshaft speeds. 
However, an injection of a pilot dose can some-
times have an adverse effect and a compromise 
between nitrogen oxide and particulate emis-
sions can be impossible. What is more, injection 
repeatability is difficult to control as a pilot dose 
decreases. Flexible dividing an injected fuel dose 
into several doses is demanded to control exhaust 
and noise emissions and regenerate an exhaust 
after-treatment system.

The scientific literature on the use of hydro-
gen in compression-ignition engines is often not 
comprehensive, so it is hard to claim that using 
this gas is reasonable and it can lead to ambig-
uous conclusions. Such an opinion is also con-
firmed in [32]. It is also focused there that the 
reasons for observed changes in the combustion 
process are not explained. The hydrogen combus-
tion process is very interestingly presented in the 
paper [33]. Using a computational solver, the au-
thors analyzed the pure hydrogen combustion as 
a potentially cost-effective and preferred strategy 
for direct injection compression ignition engines, 
due to its ability to achieve high heat release rates 
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and low heat transfer losses, as well as potentially 
zero CO2 emissions. Therefore, large-scale stud-
ies within the 6th European Union Framework 
Program in the HyICE project “Optimization 
of the Hydrogen Internal Combustion Engine” 
(2004-2007) have been taken as a starting point. 
The project aimed to optimize the design of an 
internal combustion engine using hydrogen as 
a dual fuel [34]. Numerous companies and re-
search centers were involved in these activities. 
The most promising concepts of how to form a 
fuel-air mixture were Direct Injection and Cryo-
genic Port Injection (mixing cryogenic Hydrogen 
gas (-240 °C) with aspirated air. In both concepts, 
values exceeding today’s petrol engines were 
achieved for power density (100 kW/1 dm3) and 
efficiency (42%), although these are not the maxi-
mum ones to be achieved [35, 36].

Hydrogen is the only carbon-free fuel that does 
not release CO2 during combustion. The “Europe-
an Hydrogen & Fuel Cell Technology Platform” 
report by the European Commission [37] states 
that the use of hydrogen in internal combustion 
engines is a concept targeted for application in the 
near future as an intermediate step before the fuel 
cell technology is improved. The arguments sup-
porting just like that solution are high efficiency 
and power density, low cost, the possibility of us-
ing two fuels at the same time during the trans-
formation phase and high potential for a quick 
mass market launch. Internal combustion engines 
which can currently burn hydrogen besides tradi-
tional fossil fuels are based on the indirect gas in-
jection technology, which reduces power density 
by about 20% compared with a supply by a liquid 
fuel only. The injection of hydrogen directly into 
the combustion chamber makes it possible to in-
crease the power output by approximately 15 % 
compared with a liquid fuel supply [35]. The paper 
[38] points out that the performance of a compres-
sion ignition internal combustion engine can be 
evaluated by various parameters obtained during 
engine indication. These are, e.g. indicated mean 
effective pressure, the coefficient of variation of 
the standard deviation of combustion chamber 
pressure and the deviation of combustion chamber 
pressure from its mean values.

This study focuses on the analysis of the in-
dicated mean effective pressure, the maximum 
pressure, the crank angle of maximum pres-
sure and the amount of heat released during the 
combustion process of hydrogen and diesel fuel 
in a compression ignition engine. Each of these 

indicators influences the quality of the combus-
tion process, which results in decreased or in-
creased emissions. 

MATERIALS AND METHOD

Each measurement time was 10 s and was re-
peated three times. In total, the parameters from 
375 engine cycles were analysed for all measure-
ment points. The measurement was started after 
stabilisation of the set parameters following a 
change in fuel dose, torque or hydrogen injection 
angle. The measurements were taken at 1500 rpm 
in the conditions of an engine dynamometer.  

Combustion was carried out for five different 
hydrogen doses (H0-H4), four fixed initial torques 
(T1-T4) and two start angles of hydrogen injec-
tion directly into the combustion chamber (E/L). 
The changed gaseous fuel injection start angles 
were defined as early and late angles, which is 
40° after TDC (E symbol) and 160° after TDC, (L 
symbol) direct injection, respectively. The injec-
tion start angle was experimentally determined to 
achieve the maximum time and volume of hydro-
gen injection for the given test facility. 

The injection of hydrogen is done directly into 
the combustion chamber with four separate injec-
tors. This solution has been presented in detail in 
the work [10]. Fig. 1 shows the measuring points.

The test bench is located in the Laboratory for 
Innovation, Transfer and Monitoring of Develop-
ment of Technologies of Alternative Propulsions 
in the Centre for Innovation and Advanced Tech-
nologies of the Lublin University of Technology 
(Poland). The research object is an ADCR engine 
with a displacement of 2,636 cm3. The engine is 
equipped with a diesel and compressed hydrogen 
supply systems. The research were conducted on 
a test stand, see Fig. 2 and Fig. 3.

Fig. 1. Measuring points
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Fig. 2. Diagram of the dynamometer stand

Fig. 3. Test bench
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RESULTS AND DISCUSSION

The results were plotted for three repeti-
tions, for the single cylinder in box-and-whisker 
diagrams. The effect of changing the hydrogen 
injection start angle on selected engine operating 
parameters was compared. Fig. 4 illustrates the 
indicated mean effective pressure, standard error 
and standard deviation. An increase in the stan-
dard deviation can be observed for extreme loads. 

Fig. 5 compiles the obtained values of the in-
dicated mean effective pressure, depending on the 
applied hydrogen dose, torque, and gaseous fuel 
injection start angle. Increasing the hydrogen dose 
results in an increase in the IMEP by about 0.1 
MPa per successive increase in hydrogen flow by 
40 dm3/min. This is related to the higher fuel dose 
supplied during the combustion process. This trend 
is very clear for the medium loads (T2, T3). The 
growth dynamics for the highest torque is slightly 

Fig. 4. Indicated mean effective pressure at T1-T4 torques

Fig. 5. Indicated mean effective pressure at the analyzed measurement points as a function of the hydrogen dose
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lower, while for idle it occurs in a limited range. 
Neither the first hydrogen dose, nor the last one at 
the lowest load caused a change in the IMEP. This 
suggests a rapid diffusion of fuel in the combus-
tion chamber. The differences between early and 
late injection only become visible at high hydro-
gen doses and higher torques. A higher IMEP can 
be observed for the late injection. This is due to 
the harmful rumble in the combustion chamber. 
This rumbling could by caused by a too rich fuel 

mixture and a rapid acceleration of the flame front. 
Due to the large amount of hydrogen and small of 
diesel, the temperature may have been too high.

Figure 6 shows the obtained values of the max-
imum cylinder pressure at the particular measure-
ment points. The results are given for three repeti-
tions. The presented values include the maximum 
pressure, standard error and standard deviation. 
In the case of extreme loads, similarly as for the 

Fig. 6. Maximum pressure for T1-T4 torques

Fig. 7. Maximum pressure at the analyzed measurement points versus the hydrogen dose
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indicated mean effective pressure, the increase of 
the standard deviation can be observed. 

Figure 7 summarizes the maximum pres-
sure values obtained, depending on the amount 
of hydrogen supplied to the engine. Usually, 
as the hydrogen dose increases, the maximum 
pressure in the cylinder also increases. This 
indicates the correct combustion process. For 
the lowest hydrogen dose (H1) for 3 out of 4 
analyzed loads, there are no differences in the 

value of the maximum pressure when the injec-
tion start angle is changed. At the highest load 
(T4), a slightly higher pressure occurs with 
early injection for hydrogen doses H1 and H2, 
while the situation is reversed for higher hydro-
gen doses (H3, H4). It should be noted here that 
the maximum applied hydrogen dose was de-
termined experimentally before the occurence 
of rumbling or at its boundary, which may have 
influenced the value of pressure.

Fig. 8. Crank angle of maximum pressure for T1-T4 torques

Fig. 9. Crank angle of maximum pressure at the analyzed measurement points versus the hydrogen dose
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Figure 8 shows the obtained values of the 
crank angle of maximum pressure in the cylinders 
at each measurement point. The results are pre-
sented for three repetitions. The presented values 
are the crank angle of maximum pressure, stan-
dard error and standard deviation.

Figure 9 shows the occurrence of the crank 
angle of maximum cylinder pressure. If this an-
gle at idle increases with increasing a hydrogen 
dose, it decreases in other cases, regardless of 

the gaseous fuel injection start angle. It is worth 
noting that the lowest applied hydrogen dose 
(H1) did not actually affect the occurrence of the 
angle of maximum pressure. Earlier injection for 
hydrogen dose H3 resulted in earlier peak pres-
sure, while for hydrogen dose H4 the opposite 
was true in all analyzed cases.

Figure 10 shows the obtained values of heat 
released at the particular measurement points. In 
the case of extreme loads, as for the analyzed 

Fig. 10. Heat release for T1-T4 torques

Fig. 11. The heat released at the analyzed measurement points as a function of the hydrogen dose
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pressure values, an increase in the standard de-
viation can be observed. In the case of idling 
(T1), no increase in heat release was observed 
for the lowest and highest hydrogen doses (H1, 
H4). No increase in heat release accompanied by 
no increase in mean effective indicated pressure 
means an incorrect combustion process. At the 
selected measurement points, adding or increas-
ing the hydrogen dose did not improve the en-
gine performance, and the supplied gas probably 
was not burnt.

Figure 11 shows the values of the heat re-
leased during the combustion process of diesel 
fuel and hydrogen. Usually, as the load and hy-
drogen doses increased, the amount of heat also 

increased. For early injection and for the maxi-
mum hydrogen doses applied, the amount of 
heat released was lower than for late injection, 
which may mean that the supplied fuel was not 
completely burnt.

ANALYSIS

The conducted analysis focused on determining 
whether there are significant differences between 
early and late injection and how these changes af-
fect the measured parameters. For this purpose, 
three-dimensional surface plots were made for each 
of the analyzed combustion parameters using the 

Fig. 12. The indicated mean effective pressure as a function of the torque and hy-
drogen dose for early (left) and late (right) injection

Fig. 13. The maximum pressure as a function of the torque and hy-
drogen dose for early (left) and late (right) injection
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Statistica NKWO software function of “distance-
weighted least squares smoothing”. Depending on 
the torque recorded and the amount of hydrogen, 
the results were presented for the indicated mean 
effective pressure (Fig. 12), the maximum pressure 
(Fig. 13), the angle of its occurrence (Fig. 14) and 
the heat released (Fig. 15). 

In the next step, the significance of the differ-
ences shown in the visualizations was checked. 
For this purpose, a t-Student test analysis was per-
formed and the significance of differences between 
the complete groups of the analyzed parameters for 
early and late injection was determined. The zero 
hypothesis of the absence of significant differences 
between the groups was put forward as:

H0: βi = βi* (1)

and alternative (there are differences between 
the groups):

H1: βi ≠ βi (2)

A significance level of α = 0.05 was chosen. For 
the significance level indicated, the border value of 
tα = 2.0003. The results are presented in Table 1.

It was concluded from the Student’s t-distribu-
tion tables that the results of the analysis are not 

Fig. 14. The angle of maximum pressure as a function of the torque and hy-
drogen dose for early (left) and late (right) injection

Fig. 15. The heat released as a function of the torque and hydrogen dose for early (left) and late (right) injection

Table 1. Parameter t for the measured points
All measured points t

IMEP E vs. IMEP L -0.192

Pressure peak E vs. Pressure peak L 0.180

Crank angle E vs. Crank angle L 0.065

Heat release E vs. Heat release L 0.011
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within the critical area, because ti < tα for all ana-
lyzed parameters. According to the study, there are 
no significant differences between the analyzed 
groups so for the significance level α = 0.05, there 
are no grounds to reject the zero hypothesis H0 in 
favor of the alternative hypothesis H1. 

A Student’s t-test analysis was also per-
formed for the selected measurement points 
where the differences were evident even without 
statistical analysis.

The analysis was performed at H4T3 for 300 
recorded samples, 100 in each iteration. The re-
sults of the t-test analysis are presented in Table 2.

From the Student’s t-distribution tables, it is 
clear that the results of the analysis are within the 
critical area, because ti > tα = 1.9679. According 
to the analysis, there are significant differences 
between the investigated groups so for the signifi-
cance level α = 0.05, there are grounds to reject 
the zero hypothesis H0 in favor of the alternative 
hypothesis H1.

CONCLUSIONS

The following conclusions can be drawn 
from the conducted research and analysis. High-
er indicated mean effective pressure occurs for 
the later gaseous fuel injection start angle if 
the maximum hydrogen doses applied. Maxi-
mum pressure and the angle of its occurrence 
in the analyzed measurement points depend on 
the gaseous fuel injection start angle and the 
hydrogen dose. The nature of this dependence 
requires a more detailed analysis. The amount 
of heat released is related to the quality of the 
combustion process. No increase of heat release 
after increasing the fuel dose and changing in-
jection parameters can inform about incorrect 
combustion. In the assumed experimental plan, 
the statistical analysis performed globally for all 
measurement points shows that there are no sig-
nificant differences for the significance level α = 
0.05 between early and late hydrogen injection. 
The analysis was performed using a Student’s 

t-test. The adopted significance level of α = 0.05 
is characteristic for technical sciences. The ob-
tained results concern the values of indicated 
mean effective pressure, maximum pressure, 
angle of its occurrence and heat release for dif-
ferent points of hydrogen injection into the com-
bustion chamber.

5) Important differences for the significance 
level α = 0.05 between early and late hydrogen 
injection are clear if the selected measurement 
points, especially for extreme loads are separate-
ly analyzed. The obtained results are related to 
the values of indicated mean effective pressure, 
maximum pressure, angle of its occurrence and 
the heat release for different points of hydrogen 
injection into the combustion chamber. Relatively 
large standard deviations for some measurement 
points suggest an unstable combustion process. 
This was most often the case with extreme engine 
loads and large hydrogen doses. As the load and 
the amount of hydrogen increased, the non-re-
peatability of the working process increased. The 
increase in diesel dosage seems to allow a higher 
percentage of hydrogen to be delivered without 
an adverse impact on the working process. This 
means that at higher diesel doses, more hydrogen 
can be delivered by percentage.
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